This experimental work studies a small-scale biomass combustor (5-12 kW) with an underfed fixed bed using low air staging ratios (15%-30%). This document focuses on the influence of the operative parameters on the combustion process, so gaseous emissions and the distribution and concentration of particulate matter have also been recorded. The facility shows good stability and test repeatability. For the studied airflow ranges, the results show that increasing the total airflow rate does not increase the overall air excess ratio because the burning rate is proportionally enhanced (with some slight differences that depend on the air staging ratio). Consequently, the heterogeneous reactions at the bed remain in the so-called oxygen-limited region, and thus the entire bed operates under sub-stoichiometric conditions with regards of the char content of the biomass. In addition, tests using only primary air (no staging) may increase the fuel consumption, but in a highly incomplete way, approaching a gasification regime. Some measured burning rates are almost 40% higher than previous results obtained in batch combustors due to the fixed position of the ignition front. The recorded concentration of particulate matter varies between 15 and 75 mg/Nm 3 , with a main characteristic diameter between 50 and 100 nm.
Introduction
Some of the main concerns that accompany the increasingly widespread use of biomass boilers in the household energetic sector are the following: first, boiler efficiency [1, 2] , the study of the main operating parameters and their influence on combustion [3] [4] [5] [6] [7] [8] [9] ; second, the high gaseous emissions, which cause pollution [3] [4] [5] 10, 11] ; and finally, the high production of particulate matter (PM) smaller than 2.5 µm [4, 7, [10] [11] [12] , which is considered dangerous to both human beings and the environment [13] .
To increase the understanding of the abovementioned problems, some investigations are being carried out. In some cases, commercial boilers are being used [10, 11, 14] , whereas in other cases, pilot-scale plants with several measurement devices have been designed [3] [4] [5] 7, [15] [16] [17] [18] . Numerous experimental studies have been conducted in biomass lab-scale plants, most of which have only primary air inputs and the feeding is conducted in batches [7, [19] [20] [21] . For this study, an underfeed fixed-bed biomass combustor with primary and secondary air inputs and a continuous feeding system has been designed and manufactured. There are not many studies conducted in boilers of these characteristics so far [4, 22, 23] .
Many studies have been carried out to analyze the influence of operative parameters on the combustion in small-scale biomass combustion plants [3, 5, 24] . It has been demonstrated that one of the most important parameters is the primary air flow rate [24] . Depending on the primary airflow through
Materials and Methods

Fuels
Three different types of commercial wood pellets (wp1, wp2 and wp3) without additives have been tested. They all have a 6 mm diameter and a characteristic length of approximately 20 mm but a slightly different composition as they were provided from different commercial batches. Their proximate and elemental analyses are shown in Table 1 . The presence of other minor elements such as Cl or S was not detected because their values are below the equipment detection limit (DL = 0.30%). As shown, there is no large difference among the fuels except for the ash content, which increases sharply for wp3. An assessment of the performance of the different fuels is not intended this work. However, different batches supplied from the same company during the tests presented the abovementioned variable composition. These differences are not believed to be critical for the experiments but were monitored during the tests to avoid uncontrolled side-effects.
Description of the Pilot Plant
The general scheme of the facility and its different sections is shown in Figure 1 . It can be defined as a low-scale combustor with underfeed fixed-bed and air staging by means of primary and secondary air. The power produced is variable but in the range of 5-12 kW th (300-900 kW/m 2 ).
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Fuels
Description of the Pilot Plant
The general scheme of the facility and its different sections is shown in Figure 1 . It can be defined as a low-scale combustor with underfeed fixed-bed and air staging by means of primary and secondary air. The power produced is variable but in the range of 5-12 kWth (300-900 kW/m 2 ). m 1 is supplied through the lowest module. It flows into the feeding system and through the grate to reach the bed. The air is supplied by a centrifugal fan and measured with an inline mass flow sensor VPF.R200.100 (0.5% fs) with a 1-inch connection. The fan is controlled by means of an Altivar 31 variable frequency drive coupled to an Omron E5CK digital PID controller. Therefore the fan speed is continuously adapted to maintain a constant air flow rate despite the small variations in the packed bed height. The biomass feeding unit is positioned just above. The pelletized biomass is transported from the hopper by a screw, which feeds it directly into the curved grate. The fuel entering beneath the chamber pushes the bed upwards. By controlling the duty (on/off ratio) of the feeding system, at steady state, fuel is supplied at the same rate at which it is consumed. A load cell measures the weight loss at the hopper, which is used to determine the average fuel feeding rate or burning rate . m f . The burner body has a square shape with an inner side of 120 mm, and it is made of AISI 310 stainless steel. It has a partially transparent gate in the front panel. The access to the interior is allowed through this removable part, which also provides visual information about the process and bed height. The burner is not insulated but is surrounded by radiation reflection panels.
The facility includes a secondary air inlet . m 2 above the burner. This body is made of AISI 316 stainless steel, and the air is introduced normal to the surface by means of 44 holes (4.4 mm diameter) uniformly distributed along the inner perimeter. An identical system to that described for primary air is used to control the mass flow rate of secondary. The combustor does not have any air preheating system so both the primary and secondary air are introduced at room temperature (20-25 • C).
A deposition-sampling module with a 25 mm diameter is placed just above. It consists of a sampling probe (water-cooled tube), which transversally crosses the combustor approximately 400 mm above the surface of the bed. Fouled matter can be collected and measured in this device to analyse the fouling tendency of the fuel. The deposition process can be visually supervise through a window developed for that purpose. The flue gas temperature T g is acquired using a K-type thermocouple 64 mm over the sampling tube.
On the top, the dilution system cools the flue gases with fresh air before leaving the facility into the chimney. This module is not considered as a tertiary air inlet because any reaction taking place in this region is far from the combustion zone and does not have any influence there. However, it has an influence on the composition of the gas downstream; therefore, the sampling ports to measure pollutant emissions and PM were placed below this dilution. The isokinetic impactor port is 800 mm above the bed and 350 mm above the thermocouple spot. The sampled gas is suctioned through an isothermal line and introduced without a dilution tunnel into a heated 13-stage Dekati low-pressure cascade impactor (DLPI). The gaseous emissions are measured using a Servomex 4900 analyser (Servomex Group Ltd: East Sussex, UK) whose sampling port is 200 mm above the impactor.
Experimental Methodology
Steady state combustion is sustained for at least 3 h in every test performed in this work.
Larger periods of combustion were tested but discarded owing to disturbances in the process produced by small accumulations of ash and unburnt matter in the bed. The influence of these phenomena in the process within the 3 h period is small, as will be shown. Aside from that, every test also includes two transient periods, start-up (45 min) and switch-off (approximately 15 min). During switch-off, airflow rates are maintained, but fuel feeding is stopped, allowing consumption of the fuel remaining in the grate.
Both the impactor and the extraction tube are wrapped with a heating jacket at 120 • C to avoid inline condensation and the temperature in the collecting point varies between 200 and 300 • C, depending on the test conditions. The collection substrates employed are made of aluminum. Preliminary measurements of particulate matter in this facility were carried out using back-up filter in the 13-stage DLPI. The results showed that more than the 95% of the mass is retained in the previous stages. Considering this, the back-up filters were removed to simplify the measurement methodology. Preliminary tests noted a certain evolution of the plant during the steady state. Figure 2 depicts the total PM concentration for more than 30 assays using the same operative conditions and fuel type, changing only the moment of the sampling. The PM sampling time was varied from 30 to 240 min after reaching the steady state. In terms of particulate emissions, it seems that remaining ash and unburnt matter in the bed increase the particle concentration. This phenomenon does not seem to significantly affect other parameters, but PM measurements are more sensitive because more particulates in the bed are susceptible to be elutriated. For similar reasons, the combustion process may also be worsened, producing slightly higher CO emissions and leading to higher PM concentrations. This fact may reduce the accuracy of the measurements, so its effect is minimized by consistently using the same sampling time, which is 60 min after stability. Preliminary tests noted a certain evolution of the plant during the steady state. Figure 2 depicts the total PM concentration for more than 30 assays using the same operative conditions and fuel type, changing only the moment of the sampling. The PM sampling time was varied from 30 to 240 min after reaching the steady state. In terms of particulate emissions, it seems that remaining ash and unburnt matter in the bed increase the particle concentration. This phenomenon does not seem to significantly affect other parameters, but PM measurements are more sensitive because more particulates in the bed are susceptible to be elutriated. For similar reasons, the combustion process may also be worsened, producing slightly higher CO emissions and leading to higher PM concentrations. This fact may reduce the accuracy of the measurements, so its effect is minimized by consistently using the same sampling time, which is 60 min after stability. The composition of the gas is sampled in a port just before the dilution entry (see Figure 1 ). The gas is cooled and dried before entering the analyzer using a gas conditioner which model is JCC type L-112401 and emissions (CO, CO2, NOx and O2) are continuously recorded throughout the test with a Servomex gas analyzer.
Results and Discussion
Plant Stability and Repeatability
After the construction and initial trials of the plant, setup tests were run to assess the stability and repeatability of the system. With this aim, results from several tests (more than 45) performed under the same conditions were analysed. The relative deviations for the main variables (burning rate and gas temperature) have been calculated. These calculations include experiments using the three different fuels at a constant airflow rate of 0.457 (kg/m 2 s) while varying only the air staging ratio. The air staging ratios (φ) used in these tests were selected between 15% and 30%. In view of these data, the plant appears to exhibit stable behaviour, and repeatability is between 4.7% and 10% when the burning rate is analyzed (Table 2) , depending on the test conditions. In relation to the relative deviation of the temperature, the values obtained are between 2.5% and 9.3%. In fact, as shown in Table 2 , the quality of the fuel assumes an important role in this issue. The results revealed prominent differences among trials when the fuel with the higher ash content is employed, therefore less accuracy in its results. The composition of the gas is sampled in a port just before the dilution entry (see Figure 1 ). The gas is cooled and dried before entering the analyzer using a gas conditioner which model is JCC type L-112401 and emissions (CO, CO 2 , NO x and O 2 ) are continuously recorded throughout the test with a Servomex gas analyzer.
Results and Discussion
Plant Stability and Repeatability
After the construction and initial trials of the plant, setup tests were run to assess the stability and repeatability of the system. With this aim, results from several tests (more than 45) performed under the same conditions were analysed. The relative deviations for the main variables (burning rate and gas temperature) have been calculated. These calculations include experiments using the three different fuels at a constant airflow rate of 0.457 (kg/m 2 s) while varying only the air staging ratio. The air staging ratios (φ) used in these tests were selected between 15% and 30%. In view of these data, the plant appears to exhibit stable behaviour, and repeatability is between 4.7% and 10% when the burning rate is analyzed (Table 2) , depending on the test conditions. In relation to the relative deviation of the temperature, the values obtained are between 2.5% and 9.3%. In fact, as shown in Table 2 , the quality of the fuel assumes an important role in this issue. The results revealed prominent differences among trials when the fuel with the higher ash content is employed, therefore less accuracy in its results. Figure 3 presents the gas temperature, water temperature and the gas analyzer results in a typical test. It represents the time evolution of the plant during both transient and steady combustion. It also aims to show the stability of the system and the capacity for controlling the heat exchanger temperature. The oscillations are presumably generated by the inherently unsteady nature of the fuel feeding system. It also shows the load cell curve that determines the burning rate. The representative average value is extracted after the start-up transition.
Energies 2016, 9, 940 6 of 16 Figure 3 presents the gas temperature, water temperature and the gas analyzer results in a typical test. It represents the time evolution of the plant during both transient and steady combustion. It also aims to show the stability of the system and the capacity for controlling the heat exchanger temperature. The oscillations are presumably generated by the inherently unsteady nature of the fuel feeding system. It also shows the load cell curve that determines the burning rate. The representative average value is extracted after the start-up transition. 
Influence of Air Configuration
Regular air staging ratios related to the primary air in commercial biomass boilers and burners generally vary between 30% and 50% [43] . Independently of this value, the primary air excess should normally be maintained close to 0.7-0.8 [38] . However, lower air staging values may also be beneficial in reducing the solid particulates elutriated from the bed. With this in mind, low air staging ratios (15%-30%) were analyzed in this work.
The first results show the effect of the total airflow rate and the air staging. Figure 4 gives the evolution of the burning rate for three different air staging ratios (20%, 25% and 30%). A quite proportional relationship between the total air supplied and the fuel consumed appears to exist. In fact, this proportionality is kept all over the airflow rates tested, meaning that the limit of the quenching by convection was not reached through the entire range of tests. With regard to the air staging, an increase in the total airflow rate generates a higher fuel devolatilization in the bed and a greater availability of air in the secondary zone to burn the volatilized matter (homogeneous combustion). This increase in the released thermal power generates higher gas temperatures and a larger heat transfer from the flame to the bed mainly by radiation, counterbalancing the cooling by 
The first results show the effect of the total airflow rate and the air staging. Figure 4 gives the evolution of the burning rate for three different air staging ratios (20%, 25% and 30%). A quite proportional relationship between the total air supplied and the fuel consumed appears to exist. In fact, this proportionality is kept all over the airflow rates tested, meaning that the limit of the quenching by convection was not reached through the entire range of tests. With regard to the air staging, an increase in the total airflow rate generates a higher fuel devolatilization in the bed and a greater availability of air in the secondary zone to burn the volatilized matter (homogeneous combustion). This increase in the released thermal power generates higher gas temperatures and a larger heat transfer from the flame to the bed mainly by radiation, counterbalancing the cooling by convection. Therefore, higher Energies 2016, 9, 940 7 of 16 airflow rates can be achieved compared with other combustors producing similar thermal power but employing only a primary air inlet [7, 8, 16, 25] .
Energies 2016, 9, 940 7 of 16 convection. Therefore, higher airflow rates can be achieved compared with other combustors producing similar thermal power but employing only a primary air inlet [7, 8, 16, 25] . Because of the abovementioned results, the stoichiometric ratio (SR) or air excess (Equation (1)) is held almost constant while increasing the air. Figure 5 suggests that this ratio varies with the air staging factor but remains close to a certain value. In high burning rate conditions (φ = 30%), it oscillates above 1.5, and the maximum of approximately 2.5 is achieved for φ = 20%.
The main idea suggested by Figures 4 and 5 is that primary air is one of the key parameter influencing the combustion rate; numerous studies have been conducted in experimental burners to study their behavior. As mentioned in the introduction, previous works using lab-scale burners have investigated the effect of the primary air; in most cases, this was the only available air inlet for combustion [7, 8, 25, 26] . Accordingly, Figure 6 shows the relation between primary airflow and the burning rate for the three former air-staging ratios (20%, 25% and 30%). At least in the air range studied, introducing a greater amount of primary air always ensures greater fuel consumption in the bed, although this does not imply its complete combustion. In other words, the amount of primary air supplied controls the thermal power released by the combustor by keeping the supply of volatiles to the combustion chamber. The direct relation between the burning rate and the average gas temperature for an entire set of tests under variable conditions was similarly verified. Because of the abovementioned results, the stoichiometric ratio (SR) or air excess (Equation (1)) is held almost constant while increasing the air. Figure 5 suggests that this ratio varies with the air staging factor but remains close to a certain value. In high burning rate conditions (φ = 30%), it oscillates above 1.5, and the maximum of approximately 2.5 is achieved for φ = 20%.
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The main idea suggested by Figures 4 and 5 is that primary air is one of the key parameter influencing the combustion rate; numerous studies have been conducted in experimental burners to study their behavior. As mentioned in the introduction, previous works using lab-scale burners have investigated the effect of the primary air; in most cases, this was the only available air inlet for combustion [7, 8, 25, 26] . Accordingly, Figure 6 shows the relation between primary airflow and the burning rate for the three former air-staging ratios (20%, 25% and 30%). At least in the air range studied, introducing a greater amount of primary air always ensures greater fuel consumption in the bed, although this does not imply its complete combustion. In other words, the amount of primary air supplied controls the thermal power released by the combustor by keeping the supply of volatiles to the combustion chamber. The direct relation between the burning rate and the average gas temperature for an entire set of tests under variable conditions was similarly verified. A further analysis of the results is shown in Figure 7 . λ1 expresses the primary air excess ratio (Equation (2)), and λC is the char air excess ratio or in-bed λ (Equation (4)), considering char to be pure carbon and complete combustion to be the reference. In this specific case, = 11.46. As noted in previous works, the reaction rate of the bed is determined by the char stoichiometry.
Increasing the air supplied in the gasification zone of the burner (primary zone) increases the reacting particles (char) at a proportional rate close to λC = 1 (0.9-1.1), almost independently of the other combustion conditions, at least inside the air range tested in this work. A further analysis of the results is shown in Figure 7 . λ 1 expresses the primary air excess ratio (Equation (2)), and λ C is the char air excess ratio or in-bed λ (Equation (4)), considering char to be pure carbon and complete combustion to be the reference. In this specific case, AFR C = 11.46. As noted in previous works, the reaction rate of the bed is determined by the char stoichiometry. Increasing the air supplied in the gasification zone of the burner (primary zone) increases the reacting particles (char) at a proportional rate close to λ C = 1 (0.9-1.1), almost independently of the other combustion conditions, at least inside the air range tested in this work.
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Energies 2016, 9, 940 8 of 16 A further analysis of the results is shown in Figure 7 . λ1 expresses the primary air excess ratio (Equation (2)), and λC is the char air excess ratio or in-bed λ (Equation (4)), considering char to be pure carbon and complete combustion to be the reference. In this specific case, = 11.46. As noted in previous works, the reaction rate of the bed is determined by the char stoichiometry.
Increasing the air supplied in the gasification zone of the burner (primary zone) increases the reacting particles (char) at a proportional rate close to λC = 1 (0.9-1.1), almost independently of the other combustion conditions, at least inside the air range tested in this work. Figure 7 . Primary (λ1) and char (λC) excess ratios versus total airflow rate. Figure 8 aims to compare the current results with previous records obtained in a different lab-scale burner [7, 8] . It must be noted that the reference work was performed with a round batch combustor (hereafter called C#1) with only primary air, and the fuel consumption rate is obtained by means of Energies 2016, 9, 940 9 of 16 thermocouples in terms of the ignition front propagation speed. Although this last parameter is not exactly equal to burning rate, the difference in absolute value is small and can be neglected for the sake of comparison. The fuels employed in both cases are wood pellets, whose composition slightly varies as they belonged to an earlier batch of fuel. It means, the main differences between the current and the other facility are, basically, the feeding system and the air staging.
Energies 2016, 9, 940 9 of 16 Figure 8 aims to compare the current results with previous records obtained in a different labscale burner [7, 8] . It must be noted that the reference work was performed with a round batch combustor (hereafter called C#1) with only primary air, and the fuel consumption rate is obtained by means of thermocouples in terms of the ignition front propagation speed. Although this last parameter is not exactly equal to burning rate, the difference in absolute value is small and can be neglected for the sake of comparison. The fuels employed in both cases are wood pellets, whose composition slightly varies as they belonged to an earlier batch of fuel. It means, the main differences between the current and the other facility are, basically, the feeding system and the air staging. Figure 8 shows the relationship between primary airflow and char burning rate in the two facilities compared. The solid line represents the stoichiometric ratio for carbon complete combustion (CO2), while the dashed line is the stoichiometry for incomplete combustion (CO). The char combustion rate for C#1 follows a classical trend in which the three combustion stages (oxygen limited, fuel limited and quenching by convection) are quite clearly shown. There is also the transition between sub-and over-stoichiometric ratios. However, this trend does not appear in the data from the present study. The depicted points include different air staging ratios (20%-30%) but low primary airflow rate. For safety reasons, this airflow rate cannot be increased further using air staging because the power released will compromise the security of the plant.
Notwithstanding, a fair comparison may be established if only primary air (φ = 100%) is used. Figure 9 shows the results obtained in the current facility using only primary air and are compared with the previous results obtained in the fixed-bed combustor downward flame propagation and only primary air supply [7, 8] . The results show a similar behavior in both burners. In the batch combustor C#1, if the airflow is low, the combustion takes place in sub-stoichiometric conditions. Under these circumstances, there is the aforementioned proportional relationship between the airflow rate and the reaction rate in the bed. If the airflow increases further, char stoichiometry ratio is achieved, and the convective cooling effect begins to appear. Consequently, by increasing the airflow, the fuel consumption remains more or less constant, limited by the ability of the fuel to react (fuel kinetic) rather than by the introduced airflow. Finally, the extinction phase is reached [7, 8, 26] .
For low airflow rates (left part of the curves), the behavior of both burners is very similar in terms of reaction rate and stoichiometry of the bed. However, beginning at the value of 0.2 kg/m 2 s, their behavior varies. For similar airflows, the current burner reaches higher reaction rates (reaching approximately up to 40% higher). The main difference between the facilities is that in C#1, the combustion front is moving along the burner, causing greater heat dissipation as the front needs to advance heating the wall. However, in the current facility, the fuel is supplied continuously, and the combustion front is always kept at the same point. This creates a much more adiabatic environment, which reduces the cooling effect of the advancing front allowing a further increase in air quantity Figure 8 . Relation between char burning rate and primary airflow rate with and without air staging. Figure 8 shows the relationship between primary airflow and char burning rate in the two facilities compared. The solid line represents the stoichiometric ratio for carbon complete combustion (CO 2 ), while the dashed line is the stoichiometry for incomplete combustion (CO). The char combustion rate for C#1 follows a classical trend in which the three combustion stages (oxygen limited, fuel limited and quenching by convection) are quite clearly shown. There is also the transition between sub-and over-stoichiometric ratios. However, this trend does not appear in the data from the present study. The depicted points include different air staging ratios (20%-30%) but low primary airflow rate. For safety reasons, this airflow rate cannot be increased further using air staging because the power released will compromise the security of the plant.
For low airflow rates (left part of the curves), the behavior of both burners is very similar in terms of reaction rate and stoichiometry of the bed. However, beginning at the value of 0.2 kg/m 2 s, their behavior varies. For similar airflows, the current burner reaches higher reaction rates (reaching approximately up to 40% higher). The main difference between the facilities is that in C#1, the combustion front is moving along the burner, causing greater heat dissipation as the front needs to advance heating the wall. However, in the current facility, the fuel is supplied continuously, and the combustion front is always kept at the same point. This creates a much more adiabatic environment, which reduces the cooling effect of the advancing front allowing a further increase in air quantity without entering the quenching phase. Consequently, the developed reaction front is wider, and higher temperatures are reached. Although tests with higher airflow rates should be performed to ascertain the shape of the curve for the current combustor (Figure 9 ), technical limitations of the plant impede the operation at those levels. Notwithstanding, in the final part (airflow rates higher than 0.23 kg/m 2 s), the burning rate seems to lose proportionality and stabilizes. The recorded data approach to CO 2 stoichiometry ratio. This could mean that the end of first stage of combustion is not far away from that primary air flux. A vague extrapolation of the data (dashed line) indicates that at around 0.3-0.35 kg/m 2 s, the further supply of primary air will start a cooling effect and drive the combustor to the quenching phase.
Energies 2016, 9, 940 10 of 16 without entering the quenching phase. Consequently, the developed reaction front is wider, and higher temperatures are reached. Although tests with higher airflow rates should be performed to ascertain the shape of the curve for the current combustor (Figure 9 ), technical limitations of the plant impede the operation at those levels. Notwithstanding, in the final part (airflow rates higher than 0.23 kg/m 2 s), the burning rate seems to lose proportionality and stabilizes. The recorded data approach to CO2 stoichiometry ratio. This could mean that the end of first stage of combustion is not far away from that primary air flux. A vague extrapolation of the data (dashed line) indicates that at around 0.3-0.35 kg/m 2 s, the further supply of primary air will start a cooling effect and drive the combustor to the quenching phase. Finally, Figure 10 compares all tests performed in this work. The char burning rates with and without air staging are similar at low airflows (0.05-0.15 kg/m 2 s); however, the comparison for high values could not been established. By employing only primary air, the reaction rate increases, but the data move closer to the line of incomplete combustion (CO). This means that there is a high rate of volatilization in the bed, but the gases generated may not burn completely owing to the lack of oxygen supply. The thermal power released in the bed is high, but the combustion is very poor, approaching regimes closer to those typical of gasification. When the burning rate stabilizes (above 0.2 kg/m 2 s), the records move again close to complete combustion line (CO2). Once this limit is crossed, in-bed over-stoichiometric regime rules and the quenching stage presumably arrives. Finally, Figure 10 compares all tests performed in this work. The char burning rates with and without air staging are similar at low airflows (0.05-0.15 kg/m 2 s); however, the comparison for high values could not been established. By employing only primary air, the reaction rate increases, but the data move closer to the line of incomplete combustion (CO). This means that there is a high rate of volatilization in the bed, but the gases generated may not burn completely owing to the lack of oxygen supply. The thermal power released in the bed is high, but the combustion is very poor, approaching regimes closer to those typical of gasification. When the burning rate stabilizes (above 0.2 kg/m 2 s), the records move again close to complete combustion line (CO 2 ). Once this limit is crossed, in-bed over-stoichiometric regime rules and the quenching stage presumably arrives. 
Emissions
The influence of the operative parameters on the PM concentration was also analyzed, but no significant results are obtained. A complete set of experiments varying the total airflow conditions, the fuel, and air staging have been carried out. Any possible influence of these parameters lies in the 
The influence of the operative parameters on the PM concentration was also analyzed, but no significant results are obtained. A complete set of experiments varying the total airflow conditions, the fuel, and air staging have been carried out. Any possible influence of these parameters lies in the measurement uncertainty, and conclusions cannot be found other than the total concentration and the particle distribution. Despite the scatter in the data, all experiments were performed with very low air staging ratios (15%-30%). The PM concentration in these cases moves from near 15 to almost 75 mg/Nm 3 at 6% O 2 in the worst case (Figure 11 ). These values match or improve upon the reference works using biomass combustion systems with low PM emissions [32, 33, 35, 36, 44] that, as aforementioned, usually move at approximately 10-100 mg/Nm 3 . Nevertheless, the results should be compared carefully with other works. The non-dilution measurement principle used in this work and the absence of back-up filter may generate lower PM concentrations. However, in this facility, it has been confirmed that when only primary air without air staging is used, the concentration of particulate matter has a value greater than 360 mg/Nm 3 at 6% O 2 . 
The influence of the operative parameters on the PM concentration was also analyzed, but no significant results are obtained. A complete set of experiments varying the total airflow conditions, the fuel, and air staging have been carried out. Any possible influence of these parameters lies in the measurement uncertainty, and conclusions cannot be found other than the total concentration and the particle distribution. Despite the scatter in the data, all experiments were performed with very low air staging ratios (15%-30%). The PM concentration in these cases moves from near 15 to almost 75 mg/Nm 3 at 6% O2 in the worst case (Figure 11 ). These values match or improve upon the reference works using biomass combustion systems with low PM emissions [32, 33, 35, 36, 44] that, as aforementioned, usually move at approximately 10-100 mg/Nm 3 . Nevertheless, the results should be compared carefully with other works. The non-dilution measurement principle used in this work and the absence of back-up filter may generate lower PM concentrations. However, in this facility, it has been confirmed that when only primary air without air staging is used, the concentration of particulate matter has a value greater than 360 mg/Nm 3 at 6% O2. Regarding the size distribution of the particles collected, the most relevant aspect is that, independent of the total amount of air introduced in the facility, the representative size is in the range of 50-100 nm (less than one micrometer) with a unimodal shape curve ( Figure 12 ) [45] . In the absence of a dilution tunnel and with a burnout path approximately 0.5 m between the secondary air inlet and the sampling point, the results seem to be reasonable [14] . Because the gas sample is kept hot, condensation of the gas phase over the particle nuclei is minimal. The influence of the air staging ratio on the distribution vaguely indicates a slight increase of the main aerodynamic diameter for higher primary airflows. Although results at this point are non-conclusive, the effect makes sense because larger airflow in the primary zone may expel larger particles (ashes) from the bed.
The composition of the gaseous emissions has been analyzed, but there is still difficulty in the accurate performance of these measures. Figure 13 presents the evolution of the average NO x and CO emissions for different air configurations. As primary airflow goes up, the NO x emissions increase, probably due to the associated increase of burning rate and air availability. Both effects improve the main NO x formation mechanisms. Higher burning rates increase fuel NO while higher combustion temperatures and a higher presence of air enhance thermal and prompt formation of NO [9] . In parallel, CO emissions seem to increase as the air excess ratio does. Probably, a decrease in the global temperature of the process associated to a high air excess may explain this behavior.
accurate performance of these measures. Figure 13 presents the evolution of the average NOx and CO emissions for different air configurations. As primary airflow goes up, the NOx emissions increase, probably due to the associated increase of burning rate and air availability. Both effects improve the main NOx formation mechanisms. Higher burning rates increase fuel NO while higher combustion temperatures and a higher presence of air enhance thermal and prompt formation of NO [9] . In parallel, CO emissions seem to increase as the air excess ratio does. Probably, a decrease in the global temperature of the process associated to a high air excess may explain this behavior. As a final remark, a clear relation between CO and PM emissions was also found in this work [46, 47] . This trade-off is supported by Figure 14 . As already known, when combustion takes place under poor conditions, solid particulate matter is mainly determined by unburnt products (soot) [3] . Accordingly, the influence of CO in PM emissions is more relevant than any other parameter Figure 12 . PM size distribution function for φ = 20% but different total airflow rates and wp2.
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The facility designed and built for this study presented steady and accurate behaviour during all the tests performed to analyze the influence of the operative parameters in the combustion. The results shown in this paper seem to support the following main conclusions:
•
The effect of air staging and total airflow in the burning (reaction) rate was analyzed. When low primary airflows are used, similar reaction rates were measured, regardless of whether the plant is working only with primary or air staging. For higher primary airflows, the reaction rate, bed devolatilization and thermal power rise up. Using only primary airflows, the combustion is poorer and the values move closer to the incomplete combustion (sub-stoichiometric regimen) while using air staging the burning rate and gas temperature grew almost proportionally following the char stoichiometric line.
• An increase in the total amount of primary air supplied enhance the burning rate with an almost constant air excess ratio (λ). This ratio varies depending on the air staging, but it normally moves between 1.5 and 2.5.
Primary air excess ratio (λ 1 ) between 0.4 and 0.55 as well as in-bed stoichiometric ratio (λ C ) close to one were experimentally measured as a consequence of the continuous oxygen-limited char combustion regime.
The burning rates measured in this work are much higher when compare with reference data obtained in a batch combustor. The main explanation for this behavior is not only the effect of the air staging that enhances the reaction rate, but also the steady position of the ignition front due to the continuous feeding. In a batch combustor, as the ignition front travels along the tube there is an important heat dissipation. However, in the current facility, the combustion front is always steady in the same place owing to the continuously feeding system, increasing the temperature and thickness of the reaction front.
The amount of particulate matter collected is a function of the sampling moment due to the ash accumulation in the combustion chamber.
Particle concentrations between 15 and 75 mg/Nm 3 at 6% O 2 were recorded with air staging in most of the cases. When only primary air is introduced, the concentration is increased, reaching values of up 360 mg/Nm 3 .
The characteristic size obtained for the PM was 0.05-0.1 µm. As with the total concentration, this size does not seem to vary significantly with the air conditions (total airflow or staging ratios). At the very least, the variations are lower than the measurement uncertainty for this study. 
